MicroRNAs (miRNAs) are small noncoding RNAs of 20-24 nucleotides (nt) that negatively regulate the translation of target mRNAs through incomplete base-pairing with their 3 0 -untranslated regions. 1 Evidence indicates that miRNAs play an important role in the development of human cancers including leukemias, with one of the most well-characterized examples being association of miR-15a and miR-16a with chronic lymphocytic leukemia. Almost half of chronic lymphocytic leukemia patients harbor a chromosome deletion that encompasses 13q14, a region that includes the genes for miR-15a and miR-16a, and the abundance of these miRNAs is reduced in chronic lymphocytic leukemia cells with the chromosome deletion. 2 Several other miRNAs, such as miR-155 and miR-17-92, have also been implicated in the pathogenesis of lymphoma. 3 It is therefore important that the entire miRNA repertoire of clinical specimens be characterized and compared among various hematologic malignancies.
Reliable assessment of the global expression profiles of miRNAs, especially for the small amounts of clinical specimens available, is not straightforward, however. Microarray-based detection of miRNAs is prone to the generation of false-positive data that may result from mishybridization of probes, although improvements have recently been developed for this technology. 4 A large-scale cloning strategy would be an ideal approach to reliable estimation of the expression level of miRNAs, provided that a sufficient number of clones were to be analyzed. However, conventional methods for isolation of miRNAs require 410 mg of total RNA, which is not always obtainable from clinical specimens.
We recently developed a sensitive method, mRAP (micro RNA amplification profiling) 5 that readily allows the isolation of miRNA clones from p1 Â 10 4 cells. To examine the miRNA expression profiles for leukemias with mRAP, we first purified CD34 þ cells from individuals (n ¼ 12) with de novo acute myeloid leukemia, acute myeloid leukemia secondary to myelodysplastic syndrome, acute lymphoid leukemia or biphenotypic acute leukemia (Table 1) . Column affinity-chromatography to isolate CD34 þ cells yielded 10-50% of the input cells with a purity of X90% as judged by flow cytometry (data not shown). As a normal control, we also purified a CD34 þ cell fraction from bone marrow mononuclear cells of a healthy volunteer. Then mRAP procedure was applied to 1.1 Â 10 6 -1.0 Â 10 8 of the purified CD34 þ cells from each individual in order to obtain short RNA clones.
Sequencing and computer filtering 5 of the mRAP amplicons identified a total of 38 858 qualified reads for the 13 study subjects. BLAST analysis then isolated 32 867 reads that match the human genome sequence (ncbi 36 assembly), among which 2054 reads were mapped to transfer RNA genes, 2720 to ribosomal RNA genes and 9474 to repetitive sequences. From the remaining sequences, we identified 7191 reads corresponding to 143 independent known miRNAs (Supplementary Table 1 ). We further searched for candidate sequences corresponding to novel miRNAs whose surrounding genome sequences (of B100 nt) potentially fold into a hairpin structure with a single notch. In this analysis, we did not exclude miRNA candidates that were not detected in the genomes of other Letters to the Editor species, given that some miRNAs are species-specific or have arisen recently during evolution. 6 We isolated an unexpectedly large number (n ¼ 170) of independent candidates for novel miRNAs among 296 sequence reads (Supplementary Table 1 , Supplementary Data). The proportion of reads for such novel candidate miRNAs among all miRNA reads ranged from 1.7 to 9.5% per sample (mean, 4.7%). Of the 170 candidates, 19 were identified in at least two samples, supporting the notion that they are bona fide miRNAs. The surrounding genome sequence for one such candidate (designated Hsj_376) is conserved among human, cow and hedgehog ( Figure 1a ). Hsj_376 was found in two acute myeloid leukemia samples (corresponding to a total of 52 reads) in our data set and folds into a single hairpin ( Figure 1a ). In contrast, we obtained only one read for a candidate miRNA (Hsj_41) whose surrounding genome sequence also folds into a single Nucleotide sequence and expression of novel miRNA candidates. Nucleotide sequences (red) of genes for the predicted novel miRNAs Hsj_376 (a) and Hsj_41 (b) are aligned with genomic sequences of human and other species. Asterisks indicate conserved nucleotides. Possible base-pairing schemes for the respective miRNA precursors are shown in the upper insets. (c) Small-RNA fractions (800 ng per lane) purified from the indicated cell lines with the use of a mirVana RNA isolation kit (Ambion, Austin, TX, USA) were subjected to northern blot analysis with 'locked' nucleic acid probes for the candidate miRNAs Hsj_3 or Hsj_117 or for U6 small nuclear RNA (internal control). Hjs_3 has been very recently deposited into the miRBase database as hsa-miR-301b. The positions of 24-and 19-nt size markers are indicated on the left. miRNA, microRNA.
hairpin structure (Figure 1b) . However, this read was independently identified in our experiments performed both in Japan and in the Netherlands. The nucleotide sequence of all the miRNA candidates and their flanking sequences are presented in Supplementary Data.
The genomic sequences for some of the candidate miRNAs mapped in the vicinity (p20 kbp) of those for other miRNAs in the human genome. For example, the gene for one candidate (Hsj_360) and hsa-miR-560 are present on the long arm of chromosome 2 separated by a distance of B1 kbp (Supplementary Figure 1 ). In this instance, the genome sequences for the two miRNAs are not conserved in other species, indicative of recent evolution.
Expression of some of the candidate miRNAs was confirmed by northern blot analysis with small RNA fractions isolated from a variety of human cancer cell lines, including KCL22 (chronic myeloid leukemia), HL60 (acute myeloid leukemia), MiaPaCa (pancreatic carcinoma), RKO (colorectal carcinoma), MEC (cholangiocarcinoma), TKKK (intrahepatic bile duct carcinoma), TGBC (gallbladder carcinoma), NOZ (gallbladder carcinoma), LK2 (lung squamous cell carcinoma) and Jurkat (T-cell leukemia) (Figure 1c) .
The relative expression profile of miRNAs was then calculated for each sample as shown in Figure 2 . Whereas some miRNAs, such as miR-124a, miR-142, miR-143 and miR-146a, were expressed in different types of leukemia, most miRNAs were expressed in a sample-specific manner. For instance, miR-29b was abundant in only two samples (ID nos. 46 and 47), with the reads for this miRNA accounting for o1% of all miRNA reads in each of the other specimens. Similarly, the novel miRNA candidate Hsj_376 was abundant in the same two samples but not in the others. Both hsa-miR-183 and hsa-miR-590 were detected in only single samples (ID nos. 4 10, respectively).
To examine further the similarities and differences in the miRNA profiles among the study subjects, we performed a hierarchical clustering analysis for the subjects based on the expression patterns of all known and novel miRNAs (Figure 3a) . Leukemia specimens with a normal karyotype were clustered in the same branch, indicative of a relative homogeneity of these samples, at least with regard to miRNA expression. Nevertheless, the healthy volunteer was placed in a different branch, suggesting that leukemic blasts with a normal karyotype possess a miRNA profile distinct from that of nonleukemic CD34 þ cells with a normal karyotype.
We further attempted to identify miRNAs whose expression level was significantly linked to blast karyotype. Application of Student's t-test to the miRNA expression data with a Benjamini and Hochberg false discovery rate 7 of o0.05 resulted in the isolation of six miRNAs (hsa-miR-29c, hsa-miR-124a, hsa-miR-150, hsa-miR-183, hsa-miR-382 and hsa-miR-590). Hierarchical clustering of the study subjects based on the expression profiles of these 'karyotype-associated miRNAs' revealed that the healthy volunteer was again placed apart from the leukemic patients with a normal karyotype.
In conclusion, application of the mRAP procedure to CD34 þ leukemic blasts yielded 7487 reads for potential miRNA clones. We previously showed that mRAP readily allows the isolation of 41 Â 10 6 miRNA concatamers from p1 Â 10 4 cells and is thus suitable for miRNA profiling of clinical specimens. 5 Indeed, mRAP functioned well with the small number of purified specimens in the present study, with the result that sequencing capacity, rather than specimen quantity, is likely to be the limiting factor for the size of the final data set in most studies.
Although, in the present study, the total number of sequence reads per sample (average ¼ 2989 reads) was not high, we were able to discover a relatively large number (n ¼ 170) of novel miRNA candidates from our sequence reads. Candidates for novel miRNAs continue to be identified, making it likely that the total number of human miRNAs has not yet reached saturation. 8 Our results show that CD34 þ leukemic blasts express a wider range of miRNAs than previously appreciated and that overall miRNA expression profiles generally reflect blast karyotype. Such karyotype-specific miRNAs may play a role in the malignant transformation of blasts of the corresponding karyotype, a possibility that needs to be confirmed by analysis of a large number of samples.
It is possible that some of the miRNA candidates identified in our study are not genuine miRNAs but rather degradation products of RNA or DNA. We believe, however, that a substantial proportion of the candidate miRNAs are indeed novel miRNAs because (i) many of them were identified in different samples in different laboratories (in Japan and in the Netherlands), (ii) many of them (together with the surrounding sequences in the genome) are conserved across various species and (iii) the expression of some of them was confirmed by northern blot analysis.
We have identified 170 novel miRNA candidates in, and demonstrated a high level of diversity in miRNA profiles among, leukemic blasts. Our data thus suggest that the miRNA Figure 2 Expression profiles of miRNAs in CD34 þ specimens. The percentage contribution of each miRNA to the total miRNA population was calculated for each study subject. Abundant miRNAs are represented as color-coded, with candidates for novel miRNAs shown in red. The disease type of each individual is also indicated on the right. ALL, acute myeloid leukemia; AML, acute lymphoid leukemia; MDS, myelodysplastic syndrome; miRNA, microRNA.
Letters to the Editor repertoire of human leukemias has not yet been exhausted, and they should provide a framework for future studies in this regard.
Note added in proof
Hsj_117 and Hsj_360 have the miRBase accession numbers hsamiR-590 and hsa-miR-663b, respectively. Hierarchical clustering of the study subjects based on miRNA expression profiles. (a) Subject tree generated by two-way clustering analysis with the expression profiles of all known and novel miRNAs. Each row corresponds to a separate sample, and each column to a miRNA whose expression is color-coded according to the indicated scale. The disease type and karyotype of each subject are shown at the left. (b) Six karyotypeassociated miRNAs identified with Student's t-test and a false discovery rate of o0.05 were used for two-way clustering analysis as in (a). ALL, acute myeloid leukemia; AML, acute lymphoid leukemia; BAL, biphenotypic acute leukemia; MDS, myelodysplastic syndrome; miRNA, microRNA.
The ABL1 gene has been found to be fused to four identified partner genes in haematological malignancies. It is rearranged with BCR by the t(9;22)(q34;q11.2) translocation in more than 95% of chronic myeloid leukaemia and in over 25% of adult Bcell acute lymphoblastic leukaemia. 1, 2 It is rearranged with TEL (also known as ETV6) in rare cases of chronic myeloid leukaemia and acute leukaemia. 3 In T-cell acute lymphoblastic leukaemia, ABL1 can be fused with NUP214 (a gene located in 9q34) on episomes 4 or with EML1 by a t(9;14)(q34;q32) translocation. 5 Moreover, a recent publication described a t(1;9)(q24;q34) translocation in a B-cell acute lymphoblastic leukaemia case with a putative RCSD1-ABL1 fusion without molecular confirmation. 6 Here we report the cytogenetic and molecular analysis of a t(9;10)(q34;q23) translocation, from a case of B-lineage ALL, with recombination of ABL1 to a new partner gene, ZMIZ1 (zinc-finger MIZ-type containing 1).
The patient is an 18-month-old Japanese girl, with no personal or familial medical history other than bronchiolitis and an episode of atopic dermatitis treated with dermocorticosteroids in November 2006. In December 2006, at the age of 14 months, she presented with pallor, asthenia and fever. Physical examination was found normal. Laboratory investigation showed an abnormal white blood cell count (2.2 G l À1 with neutropenia 0 G l À1 ) and non-regenerative anaemia (Hb 3.5 g per 100 ml). Bone marrow analysis showed heterogeneous density with 3-10% of immature cells. Immunophenotyping analysis of the bone marrow sample did not reveal aberrant surface marker expression. No karyotypic or molecular abnormality was detected at the time. Blood culture was positive for alpha-haemolytic streptococcus. The girl was treated for her septicaemia and transfused. The neutropenia (1.4 G l À1 ) persisted for 3 months. In April 2007, she presented with fever. Clinical examination was normal. Blood cell count showed bicytopaenia (neutrophils 0 G l À1 , Hb 6.6 g per 100 ml). Bone marrow examination showed 90% of CD19 þ , CD10 þ , CD34 þ CD13À, CD33À lymphoblasts, corresponding to a diagnosis of B-cell acute lymphoblastic leukaemia II, according to the immunological EGIL (European Group for the Immunological Characterization of Acute Leukemias) classification. The patient was then treated abroad, according to the standard risk 
